Abstract-A triband antenna with high gain and low profile is proposed. This antenna is based on the concept of Fabry-Perot cavity antenna (FPCA) and three resonances are obtained by employing two frequency selective surface (FSS) layers. Two FSS layers lead to two resonant frequencies by making each FSS layer satisfy the resonant condition of Fabry-Perot cavity. The third resonant frequency is obtained by exploiting the combined effects of the two FSS layers together. The operating principle of this proposed antenna is explained and the achievable frequency range is investigated. It is shown that the proposed method enables all three resonant frequencies to be independently tuned within certain frequency range. Because of the 0°reflection phase of the combined-FSSs, the present antenna has a low profile. To verify the design concept, one C-/X-/Ku-band FPCA is designed, fabricated and tested. Experimental results agree well with the simulated results. High gain with good impedance matching in three bands is obtained, which reaches a peak gain of 13.4 dBi at 5.2 GHz, 18.9 dBi at 9.7 GHz, and 20 dBi at 14.6 GHz. The overall height of the proposed antenna is approximately 0.36 wavelength at its lowest operating frequency.
I. INTRODUCTION
The high gain antennas and array antennas that operate over multiple frequency bands are of significant interest to wireless industries, due to the need of satisfying the requirements of various wireless systems at different frequency bands such as synthetic aperture radars, satellite communications Global Navigation Satellite Systems, terrestrial mobile communications and deep-space links [1] . Several techniques have been used to realize multiband antennas including multipatch microstrip structure, stacked microstrip antenna, and multiband slot antenna. Classical high gain antennas such as large reflectors [2] , waveguide horns [3] , dielectrics lenses [4] , and large-scale antenna arrays [5] offer attractive solutions to achieve high gain performance. However, these techniques have limited applications due to their design complexity, bulky size, high cost, and/or significant power losses in the feed network. Some dual-band highgain arrays were reported [6] , [7] but they have rather complicated structures. Therefore, it is necessary to investigate novel solutions to design multiband high-gain antennas with planar structures, low profile, simple feed mechanisms, and low cost.
Fabry-Perot cavity antenna (FPCA) has been widely investigated in recent years because of its advantages of high gain, easy fabrication, simple feed system, and low cost [8] . An FPCA typically consists of a primary feed antenna located in a resonant cavity formed between a perfect reflector and a partially reflective surface (PRS), which is usually constructed of a dielectric superstrate or a periodic surface. A significant enhancement of antenna's directivity can be achieved using the multiple reflections between the ground plane and the PRS. The operating frequency of the FPCA depends on the following equation [8] :
where h is the cavity height, ϕ prs is the reflection phase of the PRS and π is the reflection phase of the ground plane. The directivity of the FPCA relative to that of the feed antenna can be written as
where D r is the relative directivity and is the reflection magnitude of the PRS. Various dual-band FPCAs have been implemented so far. A method employing the electro-magnetic bandgap materials in the FPCAs was reported to achieve dual-band operation [9] . The dual-band FPCAs based on inverted reflection phase gradient of the PRS were achieved in [10] and [11] , where a single layer PRS with slot and two dielectric slabs were applied to obtain two different resonances, respectively. In [12] , a dual-frequency FPCA was discussed by utilizing the first and second order resonances of the resonant cavity. One limitation of these dual-band FPCAs is that it is difficult to design two frequencies independently. In [13] , two orthogonal dipole arrays printed on two substrates as the PRS were employed to form two separate resonate cavities for dual-band FPCA. More recently, a simpler configuration was reported in [14] , where a patch with slot printed on a substrate layer was used as the PRS element. However, these dual-band FPCAs cannot support the same polarization as well as circular polarization at two operating frequencies due to the asymmetric configuration of the PRS element. A triband FPCA operating at 10.8, 11.3, and 12.2 GHz was proposed in [15] . However, it is not flexible to design the operating frequencies. Hence there is a need to investigate novel techniques of designing planar triband high-gain antennas with flexible frequency design.
This communication presents our research work on triband highgain FPCA with low-profile, planar structure, easy fabrication and low cost. The design technique of how to use two frequency selective surface (FSS) layers to obtain three resonant frequencies of the Fabry-Perot resonant cavity is detailed. One advantage of this triband PRS antenna is its flexibility of antenna design in tuning frequency and choosing frequency ratio. Design guidelines on how to tune the operating frequencies independently within the achievable frequency ratio are also presented. Compared to other reported designs on the multiband Fabry-Perot resonant cavity antennas, the proposed antenna has a lower profile with comparable radiation performance. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 
II. DESIGN PRINCIPLE AND STUDY OF FREQUENCY RANGE

A. Units of the FSS Layers
respectively. The FSS layers are required to have sufficient reflection magnitude at one frequency and be transparent at the other frequencies. The third frequency ( f 3 ) is achieved by combining the two FSSs together to produce another resonance. The structures of the two FSS layers shown in Fig. 2 are considered. The FSS units are printed on 0.8 mm Rogers 4003C substrate with ε r = 3.55. FSS1 consists of two metallic rings. The length of the outer ring is set as L 1 and the inner one is L 2 with the width of S 1 and S 2 , respectively. The FSS2 is a ring slot with the length of L 3 and the width of S 1 . Both of these two structures have the same periodicity P.
Full-wave simulations (CTS MWS) with the consideration of periodic boundary are employed to study the reflection coefficient of each FSS. The calculated reflection coefficient with different parameters is shown in Fig. 3 . It can be seen in Fig. 3 (a) and (b) that the FSS1 has the bandpass characteristics in Ku-band. There are two frequencies having a full reflection in FSS1, which is determined by L 1 and L 2 , respectively. The bandpass frequency occurs between the two full-reflection frequencies. Varying L 1 and L 2 can adjust the bandwidth and the frequency of the bandpass, respectively. The properties of bandpass in FSS2 is determined by L 3 . The bandpass frequency moves to lower frequency with the increase of the L 3 . Based on the performance of these two FSS layers, a dual-band FPCA operating in X-and Ku-bands can be achieved.
B. Study of the Third Resonance
The third frequency ( f 3 ) is produced by combining the two FSS layers together. The ray optics analysis can be used to study the reflection response of the combined-FSS layers. With reference to Fig. 4 , considering a plane wave incident on the combined-FSSs from the bottom of the layer 2, where R 0 , R 1 , R 2 , etc., are the reflection coefficient associated with each of the numbered partial rays reflected by the combined-FSSs. They can be expressed as
where 1 and 2 are the complex reflection coefficient of the layer 2 illustrated by the plane wave along +z and −z directions, respectively. 3 is the complex reflection of the layer 1 along the + zdirection. T 1 and T 2 are the transmission coefficient of the layer 2 along +z and −z direction, respectively. h is the air-gap between these two layers. The total reflection coefficient of the combined-FSSs is obtained as the summation of the reflected rays, which is derived as
Since | 2 3 | < 1, (4) can be simplified by exploiting the infinite geometric series identity
The parameters of the FSS1 and FSS2 are set as L 1 = 6.8 mm, L 2 = 3.6 mm, L 3 = 8.3 mm, S 1 = S 2 = 0.5 mm and S 3 = 1 mm. In this case, f 1 = 14.5 GHz and f 2 = 9.5 GHz.
There are two options to combine these two FSS layers as shown in Fig. 5 . The option 1 is that both of the two cavities work at the first order resonant length (N = 0): h 1 = 9.9 mm and h 2 = 16 mm according to (1) . In this case, the FSS1 is mounted on the top of the second FSS [ Fig. 5(a) ]. The option 2 is that the FSS1 keeps working at the first order resonant while the FSS2 works at the second order resonant, whose cavity height is increased to h 1 = 20.3 mm (N = 1). In this case, the FSS2 is on the top of the FSS 1[ Fig. 5(b) ]. It should be noted that with either configuration the FPCA can operate at 14.5 and 9.5 GHz. To confirm the third resonant frequency f 3 the phase response of the combined-FSSs and the required reflection phase of the combined-FSSs can be calculated using (5) and (1), respectively. For option 1, the cavity height forming the third resonance is 9.9 mm and for option 2, the cavity height changes to 16 mm. Fig. 6 shows the response of the combined-FSSs calculated by using the both ray optics analysis and full-wave simulation as well as the required reflection phase of the combined-FSSs in order to obtain f 3 .
There is a good agreement between the simulated results and those obtained from the ray tracking model. It can be observed that the reflection phase of the option 1 is around 150°, which cannot satisfy the required reflection phase, as shown in Fig. 6(a) . For the option 2, the combined-FSSs has the property of artificial magnetic conductors (AMC), where a 0°reflection phase happens at 5.3 GHz and the reflection phase varies from 123°to −145°from 3 to 8 GHz. This combination presents the AMC property in C-band because FSS1 and FSS2 show the capacitive and inductive characteristics in C-band, respectively, as shown in Fig. 3 . When such two FSSs are combined, namely the bottom of the combined-FSSs acts as capacitance and the top of the combined-FSSs acts as inductance, the property of 0°reflection phase can be produced [16] . It can be seen that an intersection happens at 5.2 GHz in Fig. 6(b) . Meanwhile, at this frequency the reflection magnitude is high enough. Thus, three resonances occurring in one FPCA is achieved by utilizing the two FSS layers with the configuration of option 2.
C. Achievable Frequency Range and Frequency Ratio
In this section, the operating frequency range and frequency ratio are studied. As will be demonstrated later, although f 3 is related to f 1 and f 2 , the frequency ratio can be controlled so the present design approach can be adapted to the design of other triband antennas with different frequency ratios. To better demonstrate this tuning technique, in this communication, the highest resonant frequency is fixed at 14.5 GHz and the height of cavity 1 keeps as 20.3 mm.
To obtain significant enhancement of directivity, is required to be sufficiently large according to (2) . Thus, two conditions should be satisfied: one is to have sufficient reflection magnitude to guarantee the directivity enhancement at each operating frequency. In our design, is chosen to be above 0.7. The other condition is that to guarantee the third resonant frequency, the combined-FSSs should be same as the configuration of the option 2, which means the height of cavity 2 needs to be lower than the one of cavity 1. Fig. 7(a) shows that f 2 can be designed from 7 to 11.5 GHz under the first requirement. Within this frequency range, the reflection magnitude is above 0.7 at f 1 and f 2 . To guarantee the second condition, the f 2 needs to be higher than 8 GHz, as shown in Fig. 7(b) . Thus the frequency range of f 2 can be found from 8 to 11.5 GHz.
The operating frequency of f 3 can be determined according to the frequency range of f 2 . The maximum and minimum f 2 are 11.5 and 8 GHz, respectively. The minimum f 3 is found when f 2 works at the maximum frequency (11.5 GHz). Then f 3 increases to 5.7 GHz when f 2 operates at the minimum frequency of 8 GHz, as shown in Fig. 8(a) , resulting in the frequency range of f 3 from 4.5 to 5.7 GHz. Fig. 8(b) plots the three operating frequencies versus the height of the cavity 2. The highest frequency keeps unchanged. The f 2 decreases with the increase of h 2 , which agrees with (1) . The third resonance is determined by the both combined-FSSs and height of the cavity 2. It increases with the decrease of f 2 . The curves in Fig. 8(b) offer a guide in the design process since it directly helps the designer to tune the triband FPCA to specified operating frequencies. The frequency ratios are summarized in Table I . As can be seen, this proposed antenna provides a good flexibility of antenna design in choosing frequency ratio.
D. Independently Frequency Tuning of f 3
In this section, a technique to tuning the f 3 independently is discussed. According to (1), the working frequencies, f 1 and f 2 , Fig. 9 . Directivity of the FPCA with different cavity heights in X-and Ku-bands. can be easily adjusted by changing the cavity heights since they are determined by the two separated cavities. Fig. 9 shows the simulated directivity of the triband FPCA in X-and Ku-bands with different cavity heights. In this simulation, the dimensions of the FSS layers are 90 × 90 mm 2 in X-band and 70 × 70 mm 2 in Ku-band, respectively. It can be seen the peak directivity in Ku-band moves from 14.7 to 14.4 GHz when h 1 increases from 20.6 to 21 mm with remaining h 2 . This value in X-band varies from 9.8 to 9.5 GHz with the increase of h 2 and unchanged of h 1 .
It is desired to adjust f 3 with little impact on other two operating frequencies. Since f 3 is determined by the combined FSS layers, adjusting f 3 independently needs to consider the performance of the combined-FSSs. As can be seen in Fig. 10 , tuning L 1 only increases the bandwidth of the bandpass without causing any frequency shift in Ku-band, which means f 1 and f 2 remain unchanged with the variation of L 1 . Meanwhile, varying L 1 results in the property change of the combined-FSSs, which leads to some tuning of f 3 . For example, according to Fig. 10(a) , the calculated h 2 = 16.7 and 15.8 mm when L 1 is set as 6.5 and 7.1 mm, respectively. The calculated h 1 keeps as 21 mm since the FSS2 is unchanged. Due to the variation of the both L 1 and h 2 , the reflection phase of the combined-FSSs is changed as well. Fig. 11 shows the reflection phase of this combined-FSSs under this two situation, where the f 3 can be adjusted to 4.8 and 5.3 GHz, respectively. Fig. 12 shows the simulated directivity of this FPCA in three bands. It can be seen that the peak value of the directivity in C-band can be tuned via adjusting L 1 and h 2 with little impact on the directivity in X-and Ku-bands.
III. TRIBAND HIGH-GAIN FPCA DESIGN
A. Feed Antenna
The feed antenna consists of a C-band patch, 1 × 2 X-band sparse array and 2 × 2 Ku-band sparse array as shown in Fig. 13 . The microstrip patch with the parasitic patch is employed as the element of the feed antennas. Rogers 4003C (ε r = 3.55) with a thickness of 0.508 mm is chosen as the substrate. This patch is printed on the top side of the dielectric substrate of the ground plane. There is an air layer with the height of h air between the driven patch and a parasitic patch. The dimensions of the feed units are determined by the operating frequencies. The designed parameters of the feed elements are L 1 = 14.6 mm, L 2 = 16.3 mm, h air = 4 mm in C-band; L 1 = 8.2 mm, L 2 = 9 mm and h air = 2 mm in X-band; L 1 = 4.7 mm, L 2 = 5.7 mm and h air = 1 mm in Ku-band.
To make the feed antenna have a common center in C-, X-, and Ku-bands, the feed elements are carefully arranged. The C-band patch is placed in the center of the ground plane. Two X-band antennas are mounted on the right and left side of the C-band patch with the distance of 40 mm. Four Ku-band elements are around the C-band patch. The spacing between each element of the Ku-band feed array is 40 mm along the x-direction and 34 mm along the y-direction, respectively.
B. Computed and Measured Results of the Overall Design
The overall triband FPCA is calculated by the electromagnetic software CST MWS. The combined FSS layers consist of 13 units along the x-direction and 10 units along the y-direction, respectively, with the lateral size of 130 × 100 mm 2 . This dimension is approximately 2.3λ× 1.7λ at 5.2 GHz, 4.2 λ× 3.2 λ at 9.6 GHz and 6.4λ×4.9 λ Fig. 14(a) . The peak value happens at 5.2, 9.7, and 14.6 GHz, respectively, which reaches to 14.1, 21, and 22.2 dBi, respectively. Compared with the directivity of the feed antenna, the maximum increase of the directivity is 6.1, 11.4, and 7.2 dBi, respectively. The calculated aperture efficiency in each band is shown in Fig. 14(b) . The maximum aperture efficiency in C-and Ku-bands is around 50%, and this value is more than 80% in X-band. Since the feed antenna is one patch in C-band, this results in insufficient illumination on the surface of the FSS layers, which leads to lower aperture efficiency. Although the Ku-band FPCA is fed by a 2 × 2 antenna array, the electrical dimension of the FSS layers is too large, which leads to lower aperture efficiency as well. Thus, when we design the triband FPCA, we should consider the tradeoff between the performance of each band.
The prototype is fabricated as shown in Fig. 15 . The overall profile of this antenna is 21 mm, which is approximately 0.36 λ at 5.2 GHz. Fig. 16(a) shows the calculated and measured S-parameters of the proposed antenna. It can be found that this antenna works well in C-, X-, and Ku-bands as expected. The measured S 11 below −10 dB is from 5.1 to 5.5 GHz, 9.6 to 10.2 GHz, and 14.4 to 16.0 GHz with the impedance bandwidth of 7.5%, 6.1%, and 10.5%, respectively. Some small differences between the simulated and measured results are mainly due to the inaccuracies during the antenna fabrication and assembly. The realized gain of this prototype is shown in Fig. 16(b) . There is a good agreement between the measured results and the estimated value, where the measured peak gain occurs at 5.2, 9.7, and 14.6 GHz, reaching 13.4, 19.7, and 20 dBi, respectively.
The measured and simulated radiation patterns at 5.2, 9.6, and 14.6 GHz are shown in Fig. 17 . The measured results have good agreements with the computed radiation patterns. It can be seen that the peak radiation occurs in the broadside direction at these three frequencies, and sidelobe lower than −15 dB is obtained in the whole operating frequency band. Moreover, cross polarization better than 35 dB in broadside is obtained as well.
IV. CONCLUSION
A technique of designing a triband low-profile high-gain FPCA with two FSS layers is proposed in this communication. The study of tuning frequency in each band and the achievable frequency range of this proposed antenna are present. The operating frequencies can be adjusted independently within its achievable frequency ratio. To the design concept, a high gain triband FPCA operating in C-/X-/Ku-bands is designed, fabricated and measured. The profile of this proposed antenna is 0.36 wavelength at its lowest frequency, with the frequency ratio of 2.8:1.52:1. The prototype gives measured peak gain of 13.4, 19.7, and 20 dBi at 5.2, 9.7, and 14.6 GHz, respectively, with good impedance matching. This proposed antenna has a promising performance such as triband, high gain, low profile, simple feed network, easy fabrication, and low cost.
